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Summary	
  and	
  Interpreta.on	
  
We	
  examine	
  the	
  Lyman	
  con&nuum	
  (Ly-­‐C)	
  in	
  a	
  number	
  of	
  large	
  flares	
  observed	
  
by	
  MEGS-­‐B,	
  char&ng	
  the	
  evolu&on	
  with	
  &me	
  of	
  the	
  colour	
  temperature.	
  

The	
  Ly-­‐C	
  colour	
  temperature	
  decreases	
  significantly	
  during	
  the	
  flare	
  impulsive	
  
phase,	
  consistent	
  with	
  past	
  observa&ons	
  (e.g.	
  Lemaire	
  et	
  al	
  1984).	
  However,	
  
the	
  temperature	
  is	
  depressed	
  for	
  longer	
  than	
  the	
  period	
  of	
  impulsive	
  hea&ng.	
  

A	
  decrease	
  in	
  the	
  colour	
  temperature	
  indicates	
  that	
  the	
  emergent	
  intensity	
  
originates	
  from	
  cooler	
  layers	
  than	
  in	
  the	
  quiet	
  Sun.	
  This	
  is	
  consistent	
  with	
  	
  
the	
  overlying	
  layers	
  of	
  the	
  flare	
  chromosphere	
  becoming	
  op&cally	
  thin	
  as	
  
they	
  ionise	
  due	
  to	
  flare	
  hea&ng,	
  so	
  that	
  	
  Ly-­‐C	
  from	
  deeper	
  layers	
  is	
  seen.	
  

Preliminary	
  calcula&ons	
  indicate	
  an	
  unphysical	
  value	
  of	
  the	
  level-­‐1	
  departure	
  
coefficient,	
  sugges&ng	
  an	
  underesOmate	
  of	
  Tcol	
  or	
  the	
  Ly-­‐C	
  area.	
  

Departure	
  coefficient	
  –	
  2011-­‐Nov-­‐03:	
  

Background:	
  

The	
  hydrogen	
  Lyman	
  recombinaOon	
  conOnuum	
  emerges	
  from	
  the	
  par&ally	
  
ionised	
  solar	
  chromosphere.	
  It	
  is	
  enhanced	
  during	
  a	
  flare	
  due	
  to	
  increased	
  
ionisa&on.	
  The	
  Ly-­‐C	
  con&nuum	
  is	
  observed	
  by	
  the	
  EVE	
  instrument	
  on	
  SDO;	
  
here	
  we	
  report	
  on	
  measurements	
  of	
  its	
  intensity	
  and	
  colour	
  temperature,	
  
and	
  their	
  varia&on	
  during	
  a	
  number	
  of	
  X-­‐class	
  flares.	
  

The	
  emergent	
  intensity Iλ in	
  the	
  Ly	
  con&nuum	
  deviates	
  from	
  a	
  blackbody.	
  
Using	
  the	
  Eddington-­‐Barbier	
  rela&on	
  it	
  can	
  be	
  wri`en	
  (Noyes	
  &	
  Kalkofen	
  
1970):	
  

where	
  	
  Sλ	
  is	
  the	
  source	
  func&on	
  at	
  colour	
  temperature	
  T	
  generated	
  at	
  op&cal	
  
depth	
  τλ	
  =	
  µ	
  =	
  cos	
  θ	
  (source	
  posi&on	
  angle).	
  b1 is	
  the	
  level-­‐1	
  departure	
  
coefficient.	
  Since	
   Tc~ 10,000K,	
  at	
  UV	
  frequencies,	
  	
  Bλ(Τ) is	
  calculated	
  in	
  the	
  
Wien	
  approxima&on,	
  hν >> kT, giving:	
  

Assuming	
  that	
  b1	
  does	
  not	
  change	
  across	
  the	
  Ly-­‐C	
  emission	
  region,	
  the	
  
colour	
  temperature	
  T	
  can	
  be	
  evaluated	
  from	
  the	
  con&nuum	
  slope.	
  

(1)	
  

(2)	
  

Evolu.on	
  of	
  the	
  average	
  Ly-­‐C	
  colour	
  temperature	
  -­‐	
  Sun-­‐as-­‐a-­‐Star:	
  
The	
  average	
  solar	
  Ly-­‐C	
  and	
  Tc	
  during	
  4	
  X-­‐flares	
  are	
  shown	
  in	
  Figs	
  3a-­‐d.	
  Upper	
  
panels:	
  	
  Ly-­‐C	
  intensity	
  at	
  90.5nm.	
  Lower	
  panels:	
  Ly-­‐C	
  Tc	
  calculated	
  with	
  
RANSAC	
  fihng	
  (orange)	
  and	
  intensity	
  ra&os	
  (black).	
  

Flare-­‐associated	
  Tc	
  decreases	
  are	
  small,	
  but	
  consistent	
  between	
  methods	
  

3(a)	
   3(b)	
  

3(c)	
   3(d)	
  

Evolu.on	
  of	
  the	
  flare	
  colour	
  temperature	
  
The	
  pre-­‐flare	
  spectrum	
  is	
  subtracted	
  from	
  the	
  flare	
  spectrum	
  to	
  give	
  the	
  
flare	
  excess	
  spectrum.	
  	
  

The	
  ra&o	
  method	
  is	
  used	
  to	
  evaluate	
  the	
  colour	
  temperature	
  of	
  the	
  flare	
  
excess,	
  for	
  the	
  two	
  flares	
  showing	
  strongest	
  Sun-­‐as-­‐a-­‐star	
  varia&ons,	
  i.e.	
  
SOL2011-­‐11-­‐03T20:00	
  and	
  SOL2012-­‐03-­‐07T00:10	
  (Figs	
  4(a)	
  and	
  (b))	
  

Colour	
  temperature	
  is	
  depressed	
  for	
  some	
  minutes	
  aier	
  impulsive	
  phase	
  
(see	
  GOES	
  deriva&ve	
  curves),	
  as	
  Ly-­‐C	
  slowly	
  returns	
  to	
  pre-­‐flare	
  level	
  

Iλ ≈ Sλ(T ) ≈ Bλ(T )
b1

Iλ(T ) ≈ 2hc2

b1λ5
e−hc/λkT

From	
  Figure	
  4(a)	
  and	
  (b)	
  we	
  see	
  that	
  T	
  =	
  8000K	
  during	
  most	
  of	
  the	
  flare.	
  
Then	
  the	
  Planck	
  func&on	
  calculated	
  in	
  the	
  Wien	
  approxima&on	
  at	
  90nm	
  is	
  	
  

Using	
  the	
  1700	
  Å	
  AIA	
  ribbons	
  as	
  a	
  proxy	
  for	
  the	
  Ly-­‐C	
  
emihng	
  area	
  gives	
  Af	
  =	
  3.5	
  x	
  1014	
  m2.	
  	
  

The	
  spectral	
  power	
  =	
  πBλ(T)	
  Af	
  =	
  4.6	
  x	
  1016	
  W	
  nm-­‐1.	
  

In	
  the	
  03-­‐Nov-­‐2011	
  flare	
  the	
  excess	
  spectral	
  
irradiance	
  at	
  90	
  nm	
  at	
  20:22	
  UT	
  is	
  7	
  x	
  10-­‐6	
  W	
  m-­‐2	
  nm-­‐1	
  
at	
  EVE,	
  	
  or	
  2	
  x	
  1018	
  W	
  nm-­‐1	
  at	
  the	
  flare.	
  

Fig	
  **;	
  f	
  lare	
  spectrum	
  showing	
  strong	
  lines	
  iden&fied	
  by	
  Chian&,	
  and	
  indica&ng	
  
con&nuum	
  window	
  used.	
  

Evalua.ng	
  the	
  Lyman	
  con.nuum	
  slope	
  and	
  colour	
  temperature:	
  

Two	
  methods	
  are	
  used:	
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Fig. 5.— Full-Sun SDO/EVE MEGS-B spectrum from 370–1060Å taken at the SXR peak of the flare. The grey shaded area denotes the
range of uncertainties in the irradiance, as obtained from the EVE database. We believe these to be generous upper limits on the relative
systematic errors of these measurements. Overlaid are the fits to the He I (red) and Lyman (blue) continua blueward of the recombination
edges at 504Å and 912Å (vertical dashed lines), respectively, using the RANSAC method (see Appendix). The orange and cyan data points
denote the inliers attributed to the He I and Lyman continua, respectively. The dotted lines are fits to the upper and lower limits over the
same wavelength ranges for each of the two continua.

decrease. The low-energy cutoff (upper limit; Figure 4d)
stayed between 21 keV and 26 keV for the duration of
the event. Also plotted are the footpoint areas from SOT
(Figure 4e). SOT was not observing at the beginning of
the impulsive phase, so the first two data points were
estimated by extrapolating back in time linearly from
the first two measured data points. The total area de-
rived from SOT images was found to increase until the
end of the impulsive phase, while the corresponding area
returned from RHESSI images remained fairly constant
over the course of the flare (∼ 1018 cm2). Figure 4 (bot-
tom panel) shows the evolution of the electron energy
flux (in erg cm−2 s−1) by taking the mean power derived
at each time interval (from Equation 1) and dividing by
the associated footpoint area from SOT. These values
are also listed in Table 1. The electron energy flux ap-
peared to mimic the total electron rate, peaking 3 min-
utes into the event, after which it decreased back to its
initial value. Error bars denote the 1σ standard devia-
tions of the total power across all six detectors, although
in actuality, the values quoted ought to be considered
as lower limits given that the low-energy cutoff values
are upper limits, as are the footpoint areas, assuming a
filling factor of unity.

2.2. SDO/EVE

SDO/EVE acquires full-disk EUV spectra every 10 s
over the 65–370Å wavelength range using the MEGS-A
(Multiple EUV Grating Spectrographs) component with
a near 100% duty cycle. The MEGS-B component (370–
1060Å), which covers the He I and Lyman continua, and
the MEGS-P broadband diode centred on the Lyα line
at 1216Å, have a reduced duty cycle due to unforeseen
instrument degradation. Although EVE was primar-
ily designed to monitor changes in the Sun’s EUV ir-
radiance over multiple timescales, several studies have
shown that its data can be utilized to probe the physical
parameters of solar flare plasmas at high cadence (e.g.
Hudson et al. 2011). Milligan et al. (2012b) were able to
track the evolution of flare densities at high (>10 MK)
temperatures from pairs of density-sensitive Fe XXI lines.
Kennedy et al. (2013) used a Markov-ChainMonte Carlo
method to reconstruct flare Differential Emission Mea-
sures (DEM) from EVE data. Concurrent observations
from AIA revealed that these DEMs were representative
of the flaring chromosphere.
On 2013 December 20, Version 4 of the EVE data were

released, marking a significant advancement over previ-
ous versions, with particular emphasis on correcting the
long-term degradation of the MEGS-B instrument. This
section describes how EVE data were used to quantify
the energy emitted in EUV lines and continua formed in
the chromosphere over the course of the flare.

1)	
  The	
  RANSAC	
  method	
  (RANdom	
  
Sample	
  Concensus)	
  fits	
  an	
  underlying	
  
trend	
  in	
  the	
  presence	
  of	
  outliers	
  (Fig	
  
1)	
  –	
  e.g.	
  EVE	
  con&nua	
  in	
  the	
  presence	
  
of	
  emission	
  lines	
  (Milligan	
  et	
  al.	
  
2014).	
  We	
  use	
  it	
  to	
  determine	
  a	
  
model	
  con&nuum	
  

2)	
  Two	
  well-­‐separated	
  spectral	
  	
  regions	
  free	
  of	
  lines	
  (predicted	
  by	
  Chian&)	
  
are	
  iden&fied	
  and	
  used	
  in	
  a	
  direct	
  evalua&on	
  of	
  Tcol,	
  from	
  a	
  ra&o	
  of	
  Equa&on	
  
(2).	
  	
  The	
  regions	
  chosen	
  are	
  at	
  89.0nm	
  and	
  73.5nm	
  (Fig.	
  2).	
  	
  	
  

Fig.	
  1	
  Lyman	
  and	
  He	
  I	
  con&nua	
  fi`ed	
  using	
  
RANSAC	
  (Milligan	
  et	
  al	
  2014)	
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Bλ(T ) ≈ 42 Wm−2nm−1sr−1

From	
  Eq,	
  (1),	
  the	
  departure	
  coefficient	
  b1	
  =	
  0.025	
  which	
  would	
  mean	
  H	
  level	
  
1	
  is	
  overpopulated	
  compared	
  to	
  LTE	
  –	
  unphysical.	
  The	
  Ly-­‐C	
  colour	
  
temperature	
  or	
  emihng	
  area	
  might	
  be	
  underes&mated.	
  

Fig	
  2	
  :	
  the	
  EVE	
  Lyman	
  
con&nuum	
  with	
  lines	
  from	
  
Chian&	
  superposed	
  (Dere	
  
et	
  al	
  1997,	
  Landi	
  et	
  al	
  
2013).	
  	
  Orange-­‐shaded	
  
regions	
  reasonably	
  free	
  of	
  
strong	
  lines	
  are	
  used	
  in	
  our	
  
calcula&on	
  of	
  colour	
  
temperature.	
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4(a)	
   4(b)	
   Red	
  =	
  Ly-­‐C	
  colour	
  
temperature	
  and	
  its	
  
random	
  error.	
  	
  
Orange=	
  pre-­‐flare	
  
colour	
  temperature.	
  

Significant	
  decreases	
  
in	
  the	
  Ly-­‐C	
  colour	
  
temperature	
  of	
  up	
  to	
  
2000K	
  are	
  detected.	
  	
  


